Temperature measurement of electrical conductivity s were carried out from 395 to 543 K. The obtained dependence indicates an increase in s. The temperature dependence of the electrical conductivity allowed to observe the release of the free water, bound water and structural water.
Introduction
The temperature dependence of electrical conductivity can be applied for the evaluation of the influence of different physical and chemical factors on such materials as: polymers, composites and biological materials, for example, collagen, bone and keratin; and materials of semiconducting and dielectric properties. The method allows to the phase change occurring in the studied material. The phase change may include subsequent changes of one or several physical quantities. Often, the important change in physical properties of the system such as concentration, electric resistance and spontaneous magnetization take place. Usually, in complex materials, all components participate in the phase transition [1] .
Percolation phenomena have been observed in the heterogeneous hydrated biological materials [2] . Percolation transitions belong to the second type phase transitions [3] . Also studies on electric conductivity of collagen indicate the occurrence of percolation effect. The percolation is defined as the problem of determining the critical threshold concentration of conducting links in a percolation network. In the network, clusters of conducting links are formed and the lattice may transform from an insulator to a conductor [4, 5] . Percolation characterizes the solid structure, its porosity, complexity and types of substructures open or closed, whereas permeability characterises the entire system 'solid+fluid' of collagen, and it can be compared to electrical resistance [6] . If during a phase transition, the percolation threshold is achieved, suddenly, the long-range interactions arise [7] and the transition from one system into another takes. Percolation path provides the flow of fluid or current system from one the side to the other.
Collagen is the main biopolymer in living organisms and is the main component of skin and bone [8, 9] . The macromolecule of collagen is a complex molecule made of three polypeptide chains, which form the left-turn super helix. Untill now, bovine collagen has been used in cosmetology and implantology. The observed transmission of spongiform encephalophaties (BSE) to humans resulted in the interest in the safety of the bovine derived products. Therefore, development of new sources of collagen is recently observed. Fish skin seems to be one of such safe sources of collagen. Unfortunately, the temperature tolerance of the fish skin collagen (FSC) is limited and longer exposition to heat leads to thermal denaturation. Fish collagen is the natural protein received from some fish and has even better cosmetic specificity than mammalian collagen. Collagen isolated from fish skin by hydration seems to maintain its native structure [10, 11] . The temperature of collagen denaturation depends on water content, cross-linking degree and hydroxyproline content. Bound water seems to be of fundamental importance for the understanding of physicochemical structural and biological properties of biopolymers, in particular proteins [12] [13] [14] [15] .
Many factors may influence the temperature dependence of collagen electric conductivity, which is sensitive to structural changes, water content and ageing processes. The aim of the presented study was to find the percolation effect on the temperature dependence of electric conductivity of fish-skin collagen. The analysis allows to follow the release of free, bound and structural water along with thermal denaturation.
Material and metod
The collagen used in the experiment was isolated from the skin of Salmo salar, by the method described in [10, 11] . Fish skin collagen in the gel form, containing 9% of the pure collagen was poured on the Petri dish and dried. Next, the cylindrical samples were cut. The samples were 0.08 mm thick, 10 mm in diameter and had the mass of (40.0 ± 0.2)mg. Measurements were carried out during continuous heating run. Heating was carried out for two groups of samples. Samples belonging to the first group were heated up to the temperature of 543K (the first heating run), cooled to the ambient temperature, heated again to 543K (the second heating run) and kept at this temperature to release the bound water. The second group of samples was heated up to 395K, kept at this temperature for an hour to release free water, and cooled down to the ambient temperature. Heating was repeated three times. Subsequent heating runs were stopped at: 475K, 500K and 543K. Each heating run was finished with cooling samples to the ambient temperature. The aim of the subsequent heating runs allowed to eliminate local maxima and flexion points observed on thermograms during first, Percolation thresholds in temperature… 185 Figure 1 . The block diagram of the experimental set-up.
continuous heating. All measurements were performed in air, under atmospheric pressure. The temperature of the sample was measured independently, using constantan-copper thermocouple located in the proximity to the sample surface. The EMF of the thermocouple was indicated by a digital voltmeter. The temperature dependence of electric conductivity was measured in the temperature range 291-543K. With a constant rate of 4 K/min. provided by the programmable temperature controller. The dc voltage was applied to the sample's electrodes and generated current was measured by means of an electrometer (Keithley 6514). The block diagram of the experimental set-up is shown in Figure 1 . The electrical conductivity s was calculated on the basis of the current, voltage and sample size, using the following equation:
where S is the cross-sectional surface area, d is the thickness of the sample, U is the voltage applied to the sample and I is the measured current.
Results and discussion
The resultants obtained during the constant heating run in the temperature range 291-543K are shown in Figure 2 . During the single heating two maxima were observed at the temperatures of 359K and 454K (Figure 2a ). Most probably, the local maximum is the manifestation of the phase transition caused by temperature increase. The process is irreversible because the maximum disappeared during the second heating run ( Figure  2b) . The maximum at 354K results form the release of free water, whereas the maximum at 545K is related to the thermal denaturation [17] . Results obtained during subsequent heating run are shown in Figure 3 and Figure 4 . During the first heating run in the temperature range of 291-395K, the maximum observed at the temperature of about 343K was, probably, related to the release of the free water ( Figure 3 ) [18, [19] [20] [21] . The exponential increase of conductivity observed during the second, third and fourth heating run (Figure 4 ) without any local maximum is caused by the more accurate water release carried out during the subsequent heating runs. The temperature of collagen denaturation depends on its humidity, whose decrease leads to the higher thermal stability. The large increase in conductivity was found in the temperatures over 390, 400 and 450K for the second, third and fourth heating run, respectively. This reflects the increasing thermal stability of the studied material caused by the reduced humidity. Heating of natural biological materials results in their thermal degradation and structural changes. These changes affect the electric conductivity of the materials which allows to use the temperature studies of the electric conductivity to determine the temperature of the phase transition such as denaturation [22] . The electrode effects was negligible because of material conductivity, which was lower than 10 8 W 1 cm 1 [23, 24] .
Conclusion
The studied material is an example of the porous system possessing percolation thresholds [25] . Their presence was deduced on the basis of the temperature dependence of the electrical conductivity where the process of water release and thermal denaturation were manifested. The release of water, observed during heating, resulted in the decreased electric conductivity. Therefore reduction of the hydration level was assumed to be a type of the percolation threshold. If the material achieves this threshold, the subsequent heating revealed the monotonous increase in electrical conductivity. Also heating above the denaturation temperature can be considered as the percolation process during which the material is transformed irreversibly from the native state to denaturated one.
